Introduction
Hydrogen has been considered as a strong candidate for the fuel of the future for a long time, because of its clean combustion and sustainability. However, it will take a long time to make the transition from conventional hydrocarbon based fuel combustion systems to pure hydrogen based combustion systems, due to the shortage of infrastructure to produce, store and transport the hydrogen, and the poor economic competitiveness of hydrogen combustion systems. A hybrid hydrogen-hydrocarbon combustion system provides an attractive option during this transition period because it exploits the advantageous properties of hydrogen, while requiring very few modifications to current hydrocarbon-based combustion systems.
Development of such a hybrid system is based on a clear understanding of the combustion and emission characteristics of hydrogen-hydrocarbon combustion systems, and this has been an active research area. Ilbas et al. [1] found that adding hydrogen can dramatically increase the flame speed and thus the burning velocity of a methane-air flame. They also reported that adding hydrogen can ease the ignition of the hydrocarbon mixture (due to the low ignition energy of the hydrogen) and extend the flammability limit of hydrocarbon fuels. Huang et al. [2] reported that adding hydrogen increases the laminar burning velocity of the natural gas-hydrogen flame. In addition, they reported that an increase in hydrogen fraction also increases the thermo-diffusive generated flame instability at a specific equivalence ratio. Choudhuri and Gollahalli [3] investigated the combustion and emission characteristics of the hydrogen -Natural Gas (NG) and H 2 -C 3 H 8 laminar diffusion flames. They reported that the visible flame height was reduced when the fraction of hydrogen was increased and the percentage reduction in the flame height was well predicted by the correlation suggested by Roper [4] . They also found that the radiative heat loss fraction, average soot loading and CO emissions increased while the NO x was reduced with an increase of NG or C 3 H 8 concentration. Schug et al. [5] suggested that the flame height was only dependent on the fuel flow rate and not affected by the additives but that the diluent would reduce the flame temperature. This was in contrast to Roper's correlation, which suggested that the flame height was a function of total fuel flow rate, diffusivity of the fuel and additive, and the flame temperature. Schug et al. [5] also reported that the C/H ratio of the fuel cannot be used as a parameter to indicate sooting tendency. As for the effect of adding hydrogen on soot formation, Gulder et al. [6] have reported several comprehensive experiments that investigated the effect of adding hydrogen on soot formation in different hydrocarbon laminar diffusion flames. Their measurements of temperature (by Coherent Anti-Stokes Raman Spectroscopy, CARS) showed that either adding helium or hydrogen did not affect the temperature distributions. The average axial soot volume fraction distributions (measured by line-of-sight attenuation) in their paper showed that adding helium reduced the soot formation by purely a dilution effect and that adding hydrogen reduced the soot volume fraction more effectively by a combination of dilution and chemical inhibition effects. The numerical simulations by Guo et al. [7] showed that flame temperature increased when adding hydrogen. Tsolakis et al.
[8] investigated the effect of adding hydrogen on particulate emissions from a dual fuel diesel engine and reported that the particulate numbers can be reduced by the use of reformed exhaust gas recirculation (hydrogen rich gas), but with no effect on the particle size and mass distributions.
In an attempt to bring clarity to the contradictory results presented above about the flame height and flame temperature of the diluted and hydrogen-supplemented hydrocarbon flames, two different groups of ethylene laminar diffusion flame experiments have been undertaken by adding five different fractions (2%, 5%, 10%, 15%, 20% by volume) of helium and hydrogen. The spatially resolved temperature, soot diameter and soot volume fraction distributions will be reported in this paper to show the quantitative effect of adding hydrogen on soot formation. In addition, the effect of replacing different fractions of ethylene by hydrogen on soot formation will also be reported. Apart from demonstrating the influence of hydrogen and helium in ethylene diffusion flames on temperature and soot loading distributions, these measurements provide additional data for modellers of diffusion flames, especially those with an interest in the formation of particulate matter.
Experiment setup and methodology
The overall experimental setup is shown in Fig. 1 .
Fig. 1
Schematic experimental set-up A Santoro co-flow burner [7] with a chimney was used to produce the laminar diffusion flames. The chimney wall has been black anodized to minimize glare and light reflections. The mass flow rates of air and fuel were controlled by two MKS® mass flow controllers (MFCs), which can be remotely controlled by an interface control box and a program written in LABVIEW. A premixing chamber filled with beads was used for the mixing of the primary fuel and secondary fuel or diluent. A Photron® FASTCAM 1024PCI high speed camera, which had been spectrally calibrated, was used to record the flame image. The maximum resolution is 1024*1024 pixels with a 17 µm pixel width. The image can be saved in the 'Bayer' format which records the colour channel value for each pixel without any on-board processing such as colour demosaicing. Throughout the experiments, the acquisition rate of the camera was set at 60 frames/second; the effective aperture was chosen as f/32 to balance the effect of diffraction and other aberrations with the depth of field; the lens used was a Nikon f = 50 mm with a 2* macro convertor; a LEE 281 filter was employed to attenuate red light, promoting better use of the dynamic range of all three colour channels in the camera. A half-cone pointer which can be inserted into the fuel tube was used to find the focal plane. The flow conditions for the helium-diluted ethylene flames, hydrogen-ethylene flames with constant ethylene flow rate and hydrogen-ethylene flames with constant total fuel flow rate are summarized in table 1. The air flow rate was kept constant at 45 L/min for all of the experiments. 
Fig. 2
Reconstructed red pixel value, temperature, soot diameter and soot volume fraction distributions in the central plane of the pure ethylene flame (regions between two white lines are a low signal region) [9] These plots show unexpected noise and artefacts, viz. lumpy patterns and vertical stripes. Figure 3 (from [9] ) shows typical reconstructed colour and colour ratio values as a function of radius at a representative height. This figure shows that the artefacts are introduced by the process of taking colour ratios, and that the problem is worst in regions where the signal is either very low or relatively uniform. This suggests that the dynamic range of the camera may not be large enough to distinguish the small light intensity differences. To remove these artefacts, spatial mean filters (0.27*0.27 mm) were applied to the data in these regions at the cost of reduced spatial resolution.
Fig. 3
Typical reconstructed radial colour and colour ratio distributions (in camera pixel count). (3*RG: tripled Redto-Green ratio; RB: Red-to-Blue ratio) [9] In order to make comparisons between the measured flames, two kinds of diagram proved useful:
First, the temperature, soot diameter and soot volume fractions at three discrete heights (1.5 cm above fuel exit -just below the middle of the flame; 2.5 cm -in the middle of the flame; 3.5 cm -just above the middle of the flame) were plotted as a function of radius.
Second, kernel density estimation (using the parameters listed in table 2) was applied to the 3D property fields to give the probability density distributions of temperature, soot diameter and soot volume fraction within the whole flame. The kernel used to smooth the discrete data was the Gaussian distribution with a bandwidth calculated according to the algorithm suggested in [10] . Because the soot volume fraction distribution in the central region (bounded by two white lines in fig. 2 ) suffers from a low signal-to-noise ratio, these data were discarded before analysis.
Table 2
Summary of the parameters used in the kernel density estimation process
As a final mode of comparison, the particle diameter (d) and soot volume fraction (f v ) data were used to calculate the total soot numbers (N) inside the flames according to following equation:
Where V v is the voxel (volumetric pixel) volume.
Note that the soot volume fraction and diameter calculations are ill-conditioned compared to the temperature measurements, so temperature measurements might be extracted even when there is a lower signal to noise ratio. The signal to noise ratio is low in the central region of the flame when its diameter is large, and this is intrinsic to the tomographic reconstruction. The data in the central region are still presented in the radial property plots to illustrate trends, although the data quality is not as good as elsewhere.
Although no error bars are feature on the plots, the precision in the temperature measurement ranges from 1.5% to 3% and the precision in the soot volume fraction measurement ranges from 35% to 45% (see [9] where the sources of error are discussed in detail). The integrating effect of the kernel density estimation process makes it difficult to try and quantify the errors on these plots.
Results and discussion
In this section, the effect of adding helium/hydrogen on the flame height, temperature and soot loading distributions are presented by comparing the radial distributions at three different heights and the kernel density estimations as previously described. Fig. 4 shows the radial flame temperature distributions at different flame heights when adding 20% helium and hydrogen. It shows that adding helium slightly increases the temperature below and above the middle part of the flame (h = 1.5 cm and 3.5 cm) but does not affect the temperature in the middle part (h = 2.5 cm). In comparison, adding hydrogen increases the flame temperature in all regions. To explain these observations, we propose that the temperature in the reaction zone is mainly controlled by chemical mechanisms. The middle part of the flame can be considered the most reactive region as temperature -and thus heat release -is highest there. As an inert gas, helium does not directly participate in these chemical reactions so its addition will only affect the temperature by the dilution effect, which means the helium will act as heat sink to reduce the reaction zone temperature. However, helium has a relatively low heat capacity, so its addition leads to a very small reduction in temperature, which is below the measurement precision. By contrast, hydrogen has a much higher calorific value (120 MJ/kg) than ethylene (47.2 MJ/kg) and actively participates in the chemical reactions so its addition increases heat release in the reaction zone. The increase in temperature outside the reaction zone when adding hydrogen or helium can be attributed to their high diffusion coefficients, which promotes heat transfer from the reaction zone. This plot also shows that adding helium slightly reduces the flame cross area in all heights (indicated by smaller radial range with measurable temperature value).
Temperature

Fig. 4
Radial temperature distributions when at different heights (h = 1.5 cm is in the bottom part of the flame, h = 2.5 cm is in the middle of the flame, h = 3.5 cm is in the top part of the flame; He0 -pure ethylene, He20 -adding 20% helium, H20 -adding 20% hydrogen)
The kernel density estimations for the temperature, in Fig. 5 , show more clearly that adding helium (a) or hydrogen (b) causes an increase in mean flame temperature, as the mean of the distribution increases with increasing addition in both cases. This effect is more pronounced when replacing a fraction of the ethylene with hydrogen, as can be seen in subplot (c) because of the combined effect of increased heat release during combustion and shorter flame (discussed in detail in section 3.2).
Fig. 5
Kernel density estimations of the temperature distributions when adding helium (a) (He10 -10%, He20 -20%) and hydrogen (b) (H10 -10%, H20 -20%) and replacing with hydrogen (c) (H10 -10%, H20 -20%)
Flame height
The height of a diffusion flame for a circular port burner can be calculated using the correlation introduced by Roper [4]:
Where H is the flame height; Q is the total (combustible) fuel flow rate; D 0 is the initial diffusion coefficient; S is the stoichiometric volume ratio of air to fuel; T 0 is the initial temperature; T f is the flame reaction region temperature.
Since helium does not participate in the chemical reactions in a flame, the flame height should not be affected by its addition, which is confirmed from the flame images. Considering the measurements of the ethylene-hydrogen flames, fig.  6 shows the measured flame heights and those calculated using the Roper correlation when adding and blending hydrogen. In this figure, two model lines are plotted, corresponding to the use of two different diffusion coefficients (D 0 ) in eq.
(1). The red solid line labelled 'Calc -Dx' employs a molar averaged diffusion coefficient:
Where x is the molar fraction of hydrogen in the fuel mixture. The blue dashed curve labelled 'Calc -D' simply uses the diffusion coefficient of ethylene in air, D 0,ethylene .
Fig. 6
Comparison of flame heights measured by the camera (open circles) and calculated using Roper's correlation ('Calc -Dx': using molar averaged diffusion coefficient; 'Calc -D': using diffusion coefficient of ethylene) Fig. 6 shows that ethylene-hydrogen flame height can be well predicted by Roper's correlation when the diffusion coefficient in eq. (1) is set to that of ethylene in air (0.166 cm 2 /s). This suggests that flame height is determined by the diffusion of ethylene when the hydrogen fraction is below 20%, despite the much higher diffusion coefficient in air (0.61 cm 2 /s) of hydrogen. Fig. 7 shows the radial soot diameter distributions at three different heights when adding 20% helium and hydrogen. It shows that the particle size in the soot-loaded region (e.g. between 0.2 -0.3 cm at h = 2.5 cm) is largely unaffected by the addition of helium or hydrogen. The figure additionally shows that adding helium narrows the spatial extent of the soot-loaded region, possibly due to the dilution effect when adding helium reducing the oxygen rich region which is necessary for the pyrolysis reaction which forms soot nuclei. In contrast, adding hydrogen enlarges the soot-loaded region, potentially as the larger flammability range of hydrogen increases the size of the pyrolysis reaction region.
Soot diameters and soot volume fractions
Fig. 7
Radial soot diameter distributions at different heights (h = 1.5 cm is in the bottom part of the flame, h = 2.5 cm is in the middle of the flame, h = 3.5 cm is in the top part of the flame; He0 -pure ethylene, He20 -adding 20% helium, H20 -adding 20% hydrogen) Fig. 8 shows the kernel density estimations of the soot diameters. It shows that either adding helium or hydrogen has no significant impact. But when replacing ethylene with hydrogen, the soot diameter distributions shift slightly towards smaller values, so more regions are covered by smaller diameter soot loadings. This might be due to the noticeably higher flame temperature when blending 20% hydrogen causing enhanced soot oxidation which reduces the number of large soot particles. The radial soot volume fraction distributions when adding 20% helium and hydrogen are shown in fig. 9 . This shows that the typical result of adding helium or hydrogen is to reduce the measured soot volume fraction, particularly at the midflame height.
Fig. 9
Radial soot volume fraction distributions at different heights (h = 1.5 cm is in the bottom part of the flame, h = 2.5 cm is in the middle of the flame, h = 3.5 cm is in the top part of the flame; He0 -pure ethylene, He20 -adding 20% helium, H20 -adding 20% hydrogen)
The kernel density estimations for the soot volume fraction are plotted in fig. 10 . This shows clearly that adding helium slightly reduces the presence of higher soot volume fraction (2-3 ppm) zones in the flame, while adding hydrogen is more effective. Replacing part of the ethylene with hydrogen produces a very marked change, with 20% replacement essentially eliminating any measurements of soot volume fraction above ~1.3 ppm.
Fig. 10
Kernel density estimations of the soot diameter distributions when adding helium (a) (He10 -10%, He20 -20%) and hydrogen (b) (H10 -10%, H20 -20%) and replacing with hydrogen (c) (H10 -10%, H20 -20%) Fig. 11 shows the total soot number when using different fuel mixtures. It clearly shows that either adding helium or hydrogen can reduce soot formation but that blending in hydrogen (i.e. replacing ethylene) is significantly more effective. The data shows that addition of 20% helium reduced the total soot number by 19%, in line with dilution. Considering hydrogen instead, 20% addition reduced the total soot particle number by 23%. The most dramatic reduction in soot formation occurs when replacing part of the ethylene with hydrogen, with a 25% hydrogen blend reducing the total soot number by 66%. The reduction in soot formation when adding helium matches expectations of the dilution effect, while the reduction when adding hydrogen is believed to be mainly a result of the direct chemical inhibition effect. According to the HACA model [11] , the formation of soot precursor PAH (Polycyclic Aromatic Hydrocarbons) molecules can be simplified into two key steps: H-abstraction and C 2 H 2 -addition, so the rate of formation depends on the concentrations of C 2 H 2 , H and H 2 . Considering these experiments, adding hydrogen increases the concentration of molecular hydrogen (H 2 ), which will increase the reverse reaction rate in the H-abstraction reaction, closing reaction sites before C 2 H 2 may bind. As a consequence, PAH molecules form more slowly and the number of available particle nuclei is reduced. In the next step of soot formation, larger particles are formed through coagulation and surface growth. The coagulation rate is proportional to the number concentration of the primary particles such that the coagulation rate will also be reduced when adding hydrogen. However, the higher flame temperature may promote the coagulation rate because of the increased kinetic energy available to the nuclei particles. According to the HACA surface reaction model [12] , the surface growth rate is proportional to the acetylene concentration, the active surface site density and the particle surface area. Simulations undertaken by Guo et al. [7] indicate that adding hydrogen reduces the active surface site density but increases the acetylene concentration. Therefore, the reduced proportion of larger soot particles can also be attributed to the reduction in active surface sites. Overall, the dramatic reduction in soot formation when replacing part of the ethylene with hydrogen is due to this described chemical inhibition effect combined with the reduced number of carbon atoms.
Conclusion
In summary, the helium-ethylene-air laminar diffusion flame experiments show that adding helium does not affect the temperature distribution significantly, but does reduce the soot concentration (20% of helium addition by volume can reduce the total soot number by 19%), especially in the central section of the flame, and this is due to the dilution effect. However, adding helium slightly increases the extent of the high temperature region because the high diffusion coefficient of helium promotes heat transfer.
The hydrogen-ethylene-air flame experiments show that adding hydrogen has little effect on the flame height. This trend was predicted by the correlation suggested by Roper [4] providing the diffusion coefficient of ethylene in air is used as the overall diffusion coefficient. This result indicates that the flame height is determined by the diffusion of ethylene. Adding hydrogen increases the flame temperature because of the increased heat release. Adding hydrogen also reduces the soot concentration more effectively than adding helium due to the combined effect of dilution and direct chemical inhibition (20% of hydrogen addition can reduce the total soot number by 23%). The primary chemical path disturbed by adding hydrogen is thought to be the increased reverse reaction rate of the H-abstraction reaction. In addition, adding hydrogen increases the proportion of the high temperature and low soot volume fraction region. This means adding hydrogen may also reduce the soot surface growth rate.
To investigate the effect of replacing hydrocarbon fuels with hydrogen on soot formation, different hydrogen-ethylene mixtures with a constant total fuel flow rate were used as the fuel. The results show that replacing hydrocarbons with hydrogen reduces the flame height. The correlation suggested by Roper can be used to successfully estimate the flame heights, by using the diffusion coefficient of ethylene alone, as before. Increasing the fraction of hydrogen can significantly reduce soot formation in laminar diffusion flames. Replacement of 25% ethylene by hydrogen was shown to reduce the total soot number by 66%. This is not only due to the dilution and chemical inhibition effects, but is also due to the reduced number of carbon atoms. 
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Fig. 9
Radial soot volume fraction distributions at different heights (h = 1.5 cm is in the bottom part of the flame, h = 2.5 cm is in the middle of the flame, h = 3.5 cm is in the top part of the flame; He0 -pure ethylene, He20 -adding 20% helium, H20 -adding 20% hydrogen) 
